Uranium contamination activity at the Y-12 Plant is reported in disintegrations per minute (dpm), where disintegrations refers to the radioactive decay of all uranium isotopes~their shortlived progeny. The average ionizing-photon energy per disintegration in depleted uranium (D-38), neglecting energies below 40 keV (cutoff energy for the dose-equivalent-rate instrument used for measurements), is 0.00601 MeV. Using this energy gives a calculated D-38 exposure rate per unit activity, at 1 m from the source, of 1.4x10-15 R/h per dpm and a dose equivalent (DE) rate per unit activity (at 1 m) of 1.3x10-15 rem/h per dpm. The total measurable gamma-and X-ray photon energy per disintegration in enriched uranium (Oralloy) is 0.00265 MeV, corresponding to a calculated exposure rate per unit activity at 1 m of 6.4x10-16R/h per dpm and a DE rate per unit activity at 1 m of 5.8 x 10-16rem/h per dpm.
Three sets of measurements were made using a Ludlum Model 3 ratemeter with a pancake probe for measuring total activity and a Bicron Micro Rem meter for measuring dose equivalent rate for comparison with the calculated results. The DE rate 1 m from a 4 in x 4 in x % in (100 cm2 x 0.32 cm t~ck) aged D-38 slab,used as a standardradiationsource for dosimeter quality control required by the Department ofEnergyLaboratory Accreditation Program (DOELAP) for Personnel Dosimetry, was determined to be 5-6 j.u-errdh.The corresponding DE rate at one meter per calculated unit activity for the aged D-3 8 slab is about 4X10-15 rem/h per dpm. Measurements of a large (0.9 m x 2.7 m x 7.6 cm thick) D-38 plate gave a DE rate of 0.7 mrem/h at 1 m and a surface activity, corrected for dead time, of 1.1x 107dprn/100 cmz, corresponding to 7X10-13 remlh per dpm/100 cm2.The third set of measurements was made at 9 locations containing highly elevated levels of uranium contamination within the Y-12 Plant production area. Representative DE rates at 1 m per unit activity were calculated from the slope of DE rate with total surface activity (corrected for dead time) to be 3x 10-'2rem/h per dpm for point sources and 8X10-13remdh per dpn-dl00 cm2 for distributed sources.
Possible reasons for the large discrepancy between calculated and measured results for the different sources and geometries are discussed, and recommendations are provided for resolving the differences. This report provides an estimate of exposure in air and tissue dose at a distance of 1 m from uranium contamination on surfaces at the Oak Ridge Y-12 Plant, in support of the Y-12 Site Radiological Characterization Study. Both calculated and measured values are reported. Calculated values are based on the total energy from y rays and X rays emitted by uranium and its short-lived daughters at secular equilibrium. Results of a small number of measurements are also provided for comparison. Dose rate values derived here are limited to those from external penetrating radiation from point sources and sources with limited surface area. A discussion of the total effective dose equivalent from infh.ite plane sources of uranium contamination is found in a separate report . The exposure which corresponds to a given level of uranium contamination is important in deciding when to document exposure rates of contaminated surfaces and in evaluating the usefulness of data from remote (e.g. aerial) detection systems.
Calculated Values
Estimates of external dose rates from uranium-contaminated surfaces can be derived by considering numbers and energies of y rays and X rays emitted by uranium and its daughters in secular equilibrium. The dose rate in air from photons emitted by a point source, measured at a distance of 1 m from the source, is [Turner, 1992 (p. 208)] , (rad/h) = 0.46 C,E,
where C, is the source strength (in curies) and E is the total average photon ener=~(in MeV) per nuclear transformation. The exposure rate derived from this expression is r (R/@ = 0.53 C,E,
since an absorbed dose of 0.876 rad in air expression (2) becomes, corresponds to an exposure of 1 R. For Cd (in dpm),
and the dose rate in tissue is~t (rad/h) = 2.2x 10-13C~E,
using the conversion factors 2.22x 1012dpm/C3 and 0.95 rad/R (dose rate in tissue per unit exposure). Expression (4) is also approximately true for the dose equivalent (DE) rate (rem/h), since the quality factor for photons is unity.
The average photon"energy necessary for evaluating exposure rate, expression(3), or dose rate, expression (4), from a radioactive source or mixture can be determined using information in report DOE/TIC-11026, which includes y-ray and X-ray emission energies, probabilities, and branching fractions,l for the known radionuclides. Photon emissions from uranium isotopes and their radioactive progeny have energies that span a wide range, from 1 keV to approximately 1 MeV. Only those energies that can be detected with instruments used by Y-12 Radiological Control technicians are considered here, however.z Dose equivalent rates from external penetrating radiation are measured at Y-12 using the Bicron Micro Rem meter with a nominal 40-keV cutoff. Figure 1 shows the measured response of this instrument [Rundo et al., 1994; Moore, 1997] . A Micro Rem meter, calibrated using 137CS photons (662 kev), measures approximately 75% of the delivered dose of 38-keV X rays (nominal energy of the National Institute of Standards and Technology H50 beam code, used in testing), but response drops rapidly to less than 10% below 20 keV. Photons with energies below 40 keV are not considered in this analysis because of the low relative Micro Rem meter response. Table 1 lists average photon energies for "U, aged '5U and aged '*U -the radioisotopes most commonly encountered at the Y-12 Plant. The average energies in Table 1 were derived using photon emissions and average photon energy per decay (excluding energies below 40 keV) for uranium isotopes and their radioactive progeny that are listed in Appendix A @U), Appendix B @5U) and Appendix C~gu). The radioactive decay chain of each isotope is followed until a daughter radionuclide with a long (in human terms) half-liie is encountered, effectively ending the chain for isotopes processed or refined fi-omthe ore during the last century. Progeny with short radiological half-lives are assumed to be in secular equilibrium with the parent (hence, aged '5U and aged 238U), but the chain-ending daughter and all subsequent progeny are considered to have no appreciable activity for purposes of this evaluation.
Two uranium isotopic mixtures are commonly encountered at the Y-12 Plant: depleted uranium (D-3 8) and high enriched uranium (Oralloy) . Each of these mixtures, considered below in more detail, is produced as the result ofgaseous difision ofrefined natural uranium3 (as uranium hexafluoride) through capillary systems that selectively pass the lighter "U and '5U, enriching the difised gases in these isotopes and separating them from the heavier '*U.
Radioactivity in D-38 is due primarily to 23*Uand its progeny. The contribution of other uranium isotopes and their progeny to the activity of this material is small because of the removal 'Branchingfraction is the relative numberofatomsofa radioisotope whichdecaythrougha givenmode.
2Total effective dose equivalentfromuraniumcontaminationk consideredin a separatereport . of "U and '5U in the gaseous diffision process. Depleted uranium contains approximately 99.75% "U, 0.25% '5U, and 0.0005% 234Uby mass~GG-2530, Table 2 -l]. The external photon exposure rate for surfaces contaminated with D-3 8 is related to the sum of average photon energies per parent uranium disintegratio~weighted by the relative contribution to total alpha radioactivity (since each uranium isotope decays with the emission of a single alpha particle) shown in Table 2 , from '*U and its short-half-life progeny @T~'"Pz and 'Pa), from 'SU and its short-half-life progeny~lTh), and horn "U (which has no short-half-life progeny). The resulting total average photon energy per disintegration (uranium and progeny) for D-3 8 (shown in Table 3 ) is 0.00601 MeV. This corresponds to a D-38 exposure rate per unit activity at a distance of 1 w from expression (3), of 1.4x10-15R/h per dpm. The corresponding D-38 DE rate per unit activity, from expression (4), is 1.3x10-15rerrdh per dpm.
Oralloy is a mixture of those isotopes found in normal uranium afler it has been enriched in '5U to weapons grade by gaseous diffhsion. The distribution of uranium isotopes by mass in Oralloy is approximately 93'%'5U, 6V0'*U, and 1% 'U (which is present in secular equilibrium with '*U in the ore and is carried up the cascade in the difision process because its mass is close to that of '5U). Although only l% by weight, 234Ucontributes almost 97% of the total alpha activity in Oralloy because of its relatively short half-life (Table 4 ). The photon exposure rate for Oralloy on surfaces is related to the sum of average photon energies per uranium atom disintegration (Table 1) , weighted by the relative contribution to total radioactivity for each uranium isotope and its progeny in the mixture, from Table 4 . The resuiting total average photon energy per disintegration (uranium and progeny) in Oralloy (shown in Table 5 ) is 0.00265 MeV. This corresponds to an exposure rate at a distance of 1 m per unit activity of Oralloy, from expression (3), of 6.4x10-16R/h per dpm. The corresponding DE rate per unit activity, from expression (4), is 5.8x10-16rem/h per dpm.
Measured Values
Three sets of measurements were made for comparison with the calculated results. The first set was a single measurement of the exposure rate at a distance of 1 m from an aged depleteduranium slab having a surface area of approximately 100 cm2and used as a reference for dosimeter calibrations. The second set consisted of measurements of activity and of exposure rates at contact, 30 cm, and 1 m horn a large (25,000 cm2) D-38 plate in the Third Mill area of Y-12 Building 9215. The third set consisted of activity determinations and measurements of the exposure rates at contact, 30 cm, and 1 m from 9 locations within the Y-12 Plant production area containing levels of contamination of about 1,000 dpm, or greater, at contact. The results of the measurements are presented and discussed below.
An instrument often used for measuring the activity of uranium contamination at the Y-12 Plant, and which was chosen for contamination measurements in this study, is the Ludlum Model 3 instrument package with a pancake probe which is sensitive to both beta particles and photons from X-ray and gamma radiation. Results from this instrument are reported in activity units of disintegrations per minute (dpm), where disintegrations refers to allthe radioactive transformations of uranium atoms and their short-lived progeny. The response of this instrument, a non-paralyzable system must be corrected for detector dead time z at elevated count rates. The dead-time correction to determine a true count rate n from a measured count rate m and dead time~is~oll, 1979 (p. 97) ] n=m
The dead-time values used were~= 80 ps &udlup 1997] for measured count rates below 50,000 cpm and~= 124 ps [Colema~1993] for measured count rates exceeding 50,000 cpm. Measured count rates, which are not routinely corrected for dead time by Y-12 Radiological Control technicians, were determined fi-omthe reported activities Z&(dpm) as m = A~/6 for point sources and m =AJ30 for distributed sources.4 The count rates were then corrected for dead time using expression (5), and new activities were calculated horn the estimated true count rates.
The Radiation Standards and Calibration Laboratory (RaSCaL) at Oak Ridge National Laboratory maintains a slab of aged depleted uranium as a standard radiation source for dosimeter quality control required by the Department of Energy Laborato~Accreditation Program (DOELAP) for Personnel Dosimetry. The slab measures 4 in x 4 in x % in (100 cmz x 0.32 cm thick) and contains approximately 0.6 kg depleted uranium. The net DE rate above this slab was determined at a distance of 1 m, using a Bicron Micro Rem meter, to be 5-6 predh~alliburton]. The activity associated with this mass of D-38 is determined from its total specific activity of 3.84x 104 Bq/g (Table 2 ) to be about 1.4x109 dpm. This slab effectively approximates a point source for DE rate measured at 1 m, and the DE rate can therefore be correlated with total source activity. The corresponding measured DE rate at 1 m per unit activity for the aged D-3.8 slab with this geometxy is about 4X10-15rem/h per dpm.
Radiological measurements of a plate of D-38 metal with dimensions 3 feet (0.9 m) x 9 feet (2.7 m) x 3 inches (7.6 cm) thick in the Third Mill area of Building 9215 indicated net activities (in dprn/100 cm2) of 6,300,000 at contact, 4,200,000 at 30 cm, and 900,000 at 1 m. Net dose equivalent rates were determined to be 5 mrem/h at contact, 2 mrern/h at 30 cm, and 0.7 mrern/h at 1 m (Table 6 ). This plate, with its large surface area (25,000 cmz), does not approximate a point source for DE rate measured at 1 m, so the DE rate should be correlated with activity per unit area. The DE rate at 1 m per unit area activity at contact for this plate is determined from these measurements to be 7X10-13rem/h per dpm/100 cm2, after dead-time correction of the surface 4Y-12 Radiological Control ProcedureY75-56-FO-5 151NS, Section B, specifies that reported activities are calculated as the product of count rate from this instrument and a factor, which is 6 dpmkpm for point sources and 30 dprrkpm for distributed sources.
'Note that this total spec~lc activity, which includes activities of all the beta-emitting progeny at secular equilibrium, differs from the alpha specific activity of 4 x 10-7Ci/g (1.5x104 Bq/g) given in EGG-2530 (Table 2-8). activity measurement (Table 7) .
Surveys conducted in the paved-surfaces portion of the Y-12 Site Characterization Study revealed some areas with highly elevated contamination. Nine such areas, chosen because of the levels of contamination and ease of access, were evaluated for both activity and DE rate at contact, 30 cm, and 1 m. No attempt was made to determine isotopic composition of the associated contamination, but it is presumed to be D-38, based on materials being handled in the area at the time. Beta-gamma activity measurements were made in accordance with Y-12 Plant Procedures using a Ludlum Model 3 pancake meter, and DE measurements were made using a Bicron Micro Rem meter. Results of the surveys are summarized in Table 6 and are presented separately for point sources (activity in units of 'dpm') and distributed sources (activity in 'dprn/100 cmz'). The DE rate at 1 m is plotted against the activity at contact in Fi=mre2 (point sources) and FQure 3 (distributed sources). The corresponding DE rates at 1 m per unit activity, determined as the slopes of these plots, are 3x10-12rem/h per dpm (point sources) and 8X10-13 rem/h per dpm/100 cm2 (distributed sources).
Discussion
Calculated and measured dose-equivalent rates corresponding to uranium contamination are summarized in Table 10 . Values calculated from D-38 photon energies (1.3x10-15rern.h per dpm) and derived from D-3 8 slab measurements (4x10-15rem/h per dpm) agree quite well, but they and the value calculated for Oralloy (5.8x10-16rem/h per dpm) are 2 to 3 orders of magnitude lower than the value (3x 10-12rernlh per dpm) measured in point-source paved-surface contamination. A number of factors not quantitatively evaluated in this analysis might explain the widely differing results. These factors include (but are not necessarily limited to): q Bremsstrahkmg production from high-energy beta particles can contribute significantly to the photon intensity from uranium, but is highly vdable, depending on enrichment (beta intensity and energy) and on the atomic number of the shield material [Turner, 1992 (pp. 92-93) ]; q Self-absorption of photons by uranium can significantly reduce exposure, but depends on chemical form (effective atomic number) of the uranium and its density thickness (determined by the uranium compound's density and geometry); q Radiological disequilibrium in newly processed uranium (which might constitute part of the contamination on paved surfaces within the Y-12 Plant) may invflldate the comparison of measurement results from uncharacterized contamination and bProcessedwithin a few days prior to measurementfor Oralloy, or within a few months, for D-38. Aged uranium, on which calculationsin this report are based, is that in which secular equilibrium of the short-half-life progeny has been re-established after separation of the parent 235U or W by processing.
those from the standard uranium slab, or from calculations that assume secular equilibrium of the short-half-life progeny q Radioisotopes other than uranium or its daughters could be present in uncharacterized contamination.
Air attenuation does not significantly reduce either photon intensity or energy in this case, amounting to less than 1°Aloss over the range 0.04-1.00 MeV~(p. 135)]. Calculations of the dose-equivalent rate did not consider bremsstrahlung productio~which underestimates the dose rate, and they ignore self-absorption of photons by assuming a perfect (massless) point source, which results in an overestimate of the dose rate. Measurement results from the standard D-38 slab include both the effects of bremsstrahlung production and self-absorption in 0.6 g of uraniuw hich is not a typical contamination geometry. Contamination on paved surfaces within the Y-12 Plant, from which measured values were taken, was not assayed or characterized for isotopic content. The degree of radiological equilibrium was not established, and the presence of intetierence from other radionuclides was not precluded in these measurements.
Recommendations
A single value of dose rate per unit activity of uranium contamination cannot be concluded from the results of this study, since the individual values vary over 3 orders of magnitude. The values reported here can be used, however, to bracket an acceptable range for use in making decisions affecting implementation of the Y-12 Site Radiological Characterization Study. Improved estimates can be obtained by addressing the complicating factors enumerated in the Discussion. Additional data, including DE and contamination level measurements and isotopic characterizatiof rom uranium contamination found on paved surfaces at the Y-12 Plant would be particularly helpfi.d. 'At least 7 days are assumed to have passed since any chemical processing of the metal in aged '5U, and at least 7 months in aged '*U, so that secular equilibrium of the short-half-life progeny is established. NOTE: D-38 is considered aged after at least 7 months have passed since any chemical processing of the metal, so that secular equilibrium of the short-half-life progeny of '5U and 2W is established. 'The number of signifkant figures shown are those considered appropriate for use in the calculation of the weighted sum of average photon energies, which was then rounded. Vhe total specific acti~ty in D-38 is the sum of the total specific activities for each isotope. Total specific activi~of an isotope is obtained as the product of the specif5c alpha activity of that isotope in the mixture and the number of radioisotopes with that specitlc activity (parent and progeny at secular equiIibnum). 
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NOTE: Oralloy is considered aged after at least 7 months have passed since any chemical processing of the metal, so that secular equilibrium of the short-half-life progeny of 'SU andis established. 'The number of significant figures shown are those considered appropriate for use in the calculation of the weighted sum of average photon energies, which was then rounded. NOTE: Oralloy is considered aged after at least 7 months have passed since any chemical processing of the metal, so that secular equilibrium of the short-half-life progeny of '5U and 2~is established. 'Progeny of '~include 'Th, 'Pa and 234mPa. The isomers 'Pa and 2~mPa are considered as a single radionuclide in the computation of average energy per nuclide disintegration since the sum of their branching ratios is unity. 'Count rates were measured at contact with the source using a Ludlum Model 3 count-rate meter and Model 44-9 pancake probe. Activity (dpm) was determined after subtracting background using conversion factors of 6 dprnlcpm for point sources and 30 dpm/cpm for distributed sowees. bA non-paralyzable system with dead times of z=80 ws (count rates <50,000 epm) and~=124 MS(count rates >50,000 cpm) is assumed. Dead-time corrections were applied to count rates before converting to activities. 'Measured at a distance of 1 m from the source using a Bicron Micro Rem meter with nominal 40-keV cutoff. Note: Contamination distributed over 100 cm' or less (the characteristic dimensions of the D-38 slab and of all but one of the 'distributed' sources) probably approximates a point source to a Micro Rem monitor placed 1 meter away however, any contamination spread over an area greater than 20 cm2 (the active area of a pancake probe) is considered here as a distributed source. The D-38 slab is treated as both a point source and as a distributed source in this analysis. 'Dose-equivalent rate of the standard uranium slab was determined by measurement at 1 m, total activity was calculated from the mass of the slab and its specitlc activity. 'Branchfraction-l%erelativenurnber ofatomsofaradioisotope whichdecaythrough agivenmode.
